Main conclusions: Because large-diameter trees constitute roughly half of the mature forest biomass worldwide, their dynamics and sensitivities to environmental change represent potentially large controls on global forest carbon cycling. We recommend managing forests for conservation of existing large-diameter trees or those that can soon reach large diameters as a simple way to conserve and potentially enhance ecosystem services.
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| I NTR OD U CTI ON
Concentration of resources within a few individuals in a community is a pervasive property of biotic systems (West, Brown, & Enquist, 1997) , whether marine (Hixon, Johnson, & Sogard, 2014) , terrestrial (Enquist, Brown, & West, 1998) or even anthropogenic (Saez & Zucman, 2016) . The concentration of total forest biomass in a few large-diameter trees is no exception (Pan, Birdsley, Phillips, & Jackson, 2013) . Large-diameter trees in forests take many decades or even centuries to develop, but human or natural disturbances can decrease their abundance, rapidly changing forest structure (Allen et al., 2010; Lindenmayer, Laurance, & Franklin, 2012; Lutz, van Wagtendonk, & Franklin, 2009; van Mantgem et al., 2009 ).
Despite the recognized ecological significance of large-diameter trees within individual forest types, relatively little is known about the distribution and abundance of large-diameter trees at the global scale. Previous studies have showed that large-diameter trees comprise a large fraction of the biomass of many forests (Bastin et al., 2015; Brown et al., 1995; Clark & Clark, 1996; Lutz, Larson, Swanson, & Freund, 2012) and that they modulate stand-level leaf area, microclimate and water use (Martin et al., 2001; Rambo & North, 2009 ). Large-diameter trees contribute disproportionately to reproduction (van Wagtendonk & Moore, 2010) , influence the rates and patterns of regeneration and succession (Keeton & Franklin, 2005) , limit light and water available to smaller trees (Binkley, Stape, Bauerle, & Ryan, 2010) , and contribute to rates and causes of mortality of smaller individuals by crushing or injuring sub-canopy trees when their bole or branches fall to the ground (Chao, Phillips, Monteagudo, Torres-Lezama, & V asquez Martínez, 2009; Das, Stephenson, & Davis, 2016) . Large-diameter trees (and large-diameter snags and large-diameter fallen woody debris) make the structure of primary forests and mature secondary forests unique (Spies & Franklin, 1991) . Large-diameter trees occur at low stem densities, yet influence spatial patterns over long inter-tree distances (Das, Larson, & Lutz, 2018; Lutz et al., 2014) . Consequently, to elucidate the patterns, mechanisms and consequences of largediameter tree ecology requires sample plots 1 ha (Das, Battles, Stephenson, & van Mantgem, 2011; Lutz, 2015; R ejou-M echain et al., 2014) .
Changes in climate, disturbance regimes and logging are accelerating the decline of large-diameter trees (e.g., Bennett, McDowell, Allen, & Anderson-Teixeira, 2015; Lindenmayer & Laurence, 2016; Lindenmayer et al., 2012) . The dynamics of large-diameter trees is dependent on at least two factors: (a) presence of species capable of attaining a large size, and (b) conditions, including disturbance regimes, that permit the development of large-diameter individuals. If the species richness of the large-diameter assemblage is high, a forest may be better able to respond to perturbations (Musavi et al., 2017) and maintain its structure and ecological function. However, if the largediameter species richness is low, then a forest could be susceptible to any change that affected those few species. Surprisingly, the specific roles of large-diameter trees are not well anchored in two widely referenced theories of global vegetation. Both the unified neutral theory of biodiversity (Hubbell, 2001 ) and metabolic scaling theory propose that plants have a degree of functional equivalency. The unified neutral theory makes predictions about the rank-order abundance of species in a forest, but it makes no specific predictions about the rank order of large-diameter species or even if large-diameter individuals are members of common or rare species. Metabolic scaling theory does predict the abundance of largediameter trees, and empirical tests of the theory for more abundant, smaller-diameter individuals are generally good. However, metabolic scaling theory often tends to under-predict the abundance of large-diameter trees in temperate forests (Anderson-Teixeira, McGarvey, et al., 2015;  their fig. 2 ) and rather over-predict the abundance of large-diameter trees in tropical forests (Muller-Landau et al., 2006 ; their table 2) and in some temperate forests (Lutz et al., 2012; their fig. 2 ). Metabolic scaling theory also advances its predictions as continuous functions, and the departure from theory (i.e., the spatial variation) at discrete grain sizes remains unquantified. Accordingly, these theories alone cannot fully explain global patterns of forest species diversity or the larger portion of the size distribution (Coomes, Duncan, Allen, & Truscott, 2003; LaManna et al., 2017; Lutz et al., 2012; Muller-Landau et al., 2006) . However, studies do suggest that a greater generalization of forest structure in the tropical, subtropical, temperate and boreal forests of the world may indeed be possible (i.e., Gilbert et al., 2010; Ostertag, Inman-Narahari, Cordell, Giardina, & Sack, 2014; Slik et al., 2013) . To the extent that forests share structural attributes either globally or regionally, our ability to model forest change may be improved by focusing on global patterns in structure rather than individual species life-history traits. We expected that latitudinal trends in the concentration of biomass in the largest trees would follow trends in forest density (with more stems in the largest diameter classes, relative biomass should be higher). We also expected that relative richness of the largediameter cohort would be lower in forests with high stem density because the large trees would be a smaller fraction of stems and thus a smaller fraction of species. Our principal hypothesis was that only a small proportion of the largest trees are responsible for the preponderance of forest biomass, and that the abundance and variation of these large-diameter trees reflect latitudinal gradients of forest structure.
Specifically we set out to ask four interrelated questions: (Condit, 1998) and data representation (Condit, Lao, Singh, Esufali, & Dolins, 2014) . Importantly, these plots include all standing woody stems 1 cm diameter at breast height (1.3 m along the main stem; DBH). A representativeness analysis showed that the ForestGEO includes most major forest types of the world, albeit with some exceptions (see Anderson-Teixeira, Davies, et al., 2015 for details There is no universal definition for what constitutes a largediameter tree. Generally, a large-diameter tree is of reproductive stature, is tall enough to reach the upper canopy layer of the forest, and is larger than the majority of woody stems in the forest. In any forest, the largest trees relative to the rest of the stand contribute disproportionately to ecological function and represent some of the longest-lived and most fecund components of their respective forests. The definition of large-diameter inherently depends on species and forest type. In cold, continental forests, a large-diameter tree may only be 20 cm DBH (Baltzer, Venes, Chasmer, Sniderhan, & Quinton, 2014) . In productive temperate or tropical forests, a large-diameter tree may be > 100 cm DBH (Lutz et al., 2012; Lutz, Larson, Freund, Swanson, & Bible, 2013) . To compare dissimilar ecosystems, we used three metrics for defining large diameter trees:
1. 99th percentile diameter (the largest 1% of trees 1 cm DBH in the forest).
2. Fixed diameter. We used a fixed threshold for large-diameter trees of 60 cm DBH, a diameter reached by at least some trees in almost all plots.
3. The large-diameter threshold. We defined the large-diameter threshold to be that diameter such that trees greater than or equal to that diameter constituted half of the aboveground live biomass of the plot.
We calculated the density, basal area, and biomass of stems 1 cm DBH and tabulated them within each square hectare (100 m 3 100 m) of the 48 plots. Because the distribution of large-diameter trees within forests is often not homogeneous (e.g., Lutz et al., 2013) , we used the 1-ha scale to capture variation in structure across the plots without introducing the spurious high or low values of biomass that could be associated with small extents (R ejou-M echain et al., 2014). We calculated biomass for tropical forests (absolute latitude 23.58) by the methods of Chave et al. (2014) , which uses a generic equation to predict biomass based on diameter, climate and wood density. equations are of the form:
where q is wood density and E is the environmental parameter. Wood specific gravity was taken from Zanne et al. (2009) . Values for the environmental parameter E are listed in Supporting Information Table S3 .1.
We calculated biomass for cold and temperate plots (absolute latitude > 23.58) using the composite taxa-specific equations of Chojnacky, Heath, & Jenkins (2014) . Those equations are of the form
where b Species not represented by specific biomass equations were defaulted to an equation or wood density value for the genus or the family. We used site-specific allometric equations for Palamanui (Ostertag et al., 2014) , Laupahoehoe (Ostertag et al., 2014) , Lanjenchi (Aiba & Nakashizuka, 2009 ) and Changbaishan (Wang, 2006) .
We further analysed the diameter-abundance relationships of each plot based on six tree diameter classes (1 cm DBH < 5 cm, 5 cm DBH < 10 cm, 10 cm DBH < 30 cm, 30 cm DBH < 60 cm, 60 cm DBH < 90 cm and DBH 90 cm). Diameter classes were selected to include recognized differences in tree life-history traits (Memiaghe, Lutz, Korte, Alonso, & Kenfack, 2016) . We performed non-metric multidimensional scaling (NMDS; Kenkel & Orloci, 1986) analyses on the density of each diameter class of each 100 m 3 100 m area. We used the Bray-Curtis dissimilarity index and performed the NMDS ordinations in three dimensions using the version 2.4-4 of the vegan package (Oksanen, Kindt, & Simpson, 2016) in R version 3.3.1 (R Development Core Team, 2016). We used the three-dimensional coordinates of each 1-ha in NMDS space to create a metric for structural complexity. For the 1-ha structural ordination values for each plot, we fit a one standard deviation ellipsoid using the orglellipse function from the vegan3d package (Oksanen, 2017) . We then calculated the volume of that ellipsoid as a metric of structural difference (i.e., complexity) to compare the relative differences between 100 m 3 100 m areas within the plot.
To examine commonness of species that can reach large diameters, we ranked all species according to their abundance within each plot. We then identified large-diameter species as species that had 1 individual with a DBH greater than or equal to the large-diameter threshold, and determined the species rank for each of these largediameter species (i.e., if the third most abundant species was a 'largediameter species', it would receive rank 5 3). We then used the median rank for all large-diameter species ranks within each plot, and normalized this value across plots by dividing rank by the total number of species (i.e., in a plot with 60 species, a median rank of 18 becomes 0.3).
To validate our results, we calculated structural accumulation curves for each plot, calculating the area required to estimate forest density and aboveground live biomass to within 5% of the entire plot value. Within each plot, for each of density and biomass, we used random sampling of 400 m 2 quadrats with replacement (from the available quadrats), beginning with a random sample of n 5 1 quadrat and ending with a random sample of n 5 total number of quadrats in each plot.
This process was repeated based on the number of quadrats in each plot, which allowed us to calculate a mean and standard deviation for each value of n. A percent deviation metric was calculated as:
where mean n is the mean of a random sampling of n quadrats, mean plot is the mean for the entire plot, and SD n is the standard deviation for the random sample of n quadrats.
| R ESU L TS
Average stem density in the plots ranged from 608 stems/ha (Mudumalai, India) to 12,075 stems/ha (Lanjenchi, Taiwan) with most high-density plots occurring in the tropics (Tables 1 and 2 , plot characteristics in Table S3 .1 and Appendix). Aboveground live tree biomass ranged from 13 Mg/ha (Mpala, Kenya) to 559 Mg/ha (Yosemite, USA).
The biomass of trees 60 cm DBH ranged from 0 Mg/ha (Mpala, Kenya, Palamanui, USA, and Scotty Creek, Canada) to 447 Mg/ha (Yosemite, USA). The large-diameter tree threshold (separating the plot aboveground forest biomass into two equal parts) varied from 2.5 cm (Palamanui, USA) to 106.5 cm (Yosemite, USA). Variation in the abundance of trees of different diameter classes at the 1-ha scale was high globally (Supporting Information Tables S3.2 and S3. 3), and coefficient of variation (CV) of the 1-ha stem densities was highest in the cold temperate/boreal plots and lowest in the tropics (Table 2 ).
There was a strong positive relationship between the largediameter threshold and overall forest biomass (r 2 5 .62, p < .001; Figure   2a ). This relationship held for all three of our definitions for largediameter trees (Figure 2a-c) . The relationship for large-diameter threshold was strongest, but the biomass of the largest 1% of trees also predicted total biomass (r 2 5 .35, p < .001; Figure 2b ) as did the density of stems 60 cm DBH (r 2 5 .49, p < .001; Figure 2c ). Results based on basal area were similar to those for biomass (Supporting Information Figure S1 .1). There was a negative relationship between large-diameter species richness and total biomass (r 2 5 .45, p < .001; Figure 2d ), which was consistent with the negative relationship between large-diameter threshold and large-diameter richness (r 2 5 .33, p < .001; Figure 2e ) and the negative relationship between large-diameter richness and the biomass of the largest 1% of trees (r 2 5 .61, p < .001; Figure 2f ). In other words, plots with high biomass had high large-diameter thresholds and relatively low species richness within this large-diameter structural class.
The amount of aboveground forest biomass contained within the largest 1% of trees averaged among the 48 plots was 50% (weighted by the forest biomass of each plot, 45% as an unweighted average of the 48 plots), representing an average of 23% of the total species richness ( Table 1 ). The average large-diameter threshold was 47.7 cm DBH (half of the biomass of the 48 plots was contained within trees 47.7 cm DBH). The average portion of biomass contained within trees 60 cm DBH in the 48 plots was 41%. Forest density gradually decreased with increasing absolute latitude (r 2 5 .31, p < .001; Figure   3a ), as did the proportion of tree biomass accounted for by the largest 1% of trees (r 2 5 .46, p < .001; Figure 3c ), following our expectations and partially a reflection of the higher stem densities in the tropics ( Figure 3a , Table 1 , Supporting Information Table S3 .2). However, latitudinal gradients were not present for biomass (Figure 3b) or the largediameter threshold (Figure 3d ).
The three metrics for large-diameter trees were not perfectly correlated (Supporting Information Figure S1 .2). The large-diameter threshold and the density of stems 60 cm DBH had a linear relationship (r 2 5 .80, p < .001), even though some forests did not have trees 60 cm DBH. The relationship between the biomass of the 1% of largest diameter trees and both the density of stems 60 cm DBH and the large-diameter threshold was significant for tropical plots but not for temperate plots.
NMDS ordinations of the abundance of trees in the six diameter classes in each 100 m 3 100 m area showed that tropical forests have a higher degree of structural similarity than temperate or boreal forests SD 5 standard deviation; CV 5 coefficient of variation. Note. The SD of density and the SD of biomass represent the within-region (between-plot) variation. The CV of density and CV of biomass represent the average of the individual plot 1-ha CVs, with each plot weighted equally.
based on their position in the ordination (Figure 4a,b) . The 1-ha scale variation for tropical plots also showed a high degree of similarity both globally (clustering and high overlap of red ellipses in Figure 4c Figure S2 ). This phenomenon was also mirrored by coefficients of variation of density and biomass of 1-ha quadrats, which differed among regions and were higher in temperate and boreal forests than in tropical plots (Table 2) Contribution of large-diameter trees to forest structure of 48 large forest plots. Aboveground live tree biomass increases with increasing large-diameter threshold (a). The large-diameter threshold reflects the tree diameter that segments biomass into two equal parts.
Below the large-diameter threshold are a large number of small-diameter trees, and above the large-diameter threshold are a smaller number of large-diameter trees. Aboveground live biomass also increases with the concentration of biomass in the largest 1% of trees (b) and the density of stems 60 cm diameter at breast height (DBH; c). Large-diameter richness declines with increasing biomass (d), which is consistent with the declining relationship between large-diameter threshold and large-diameter richness (e). The concentration of biomass in the largest 1% of trees has a strong negative relationship with large-diameter richness (f). Colours indicate increasing absolute latitude from red to green. Grey areas around regression lines indicate 95th percentile confidence intervals
richness of the large-diameter assemblage was highest in plots with low biomass, while plots with high biomass had a lower proportion of richness represented by the large-diameter trees ( Figure 2d , Table   1 ). In general, forests with lower total richness had a higher proportion of that richness retained in the large-diameter class. Unsurprisingly, plots with lower large-diameter thresholds (< 60 cm DBH) had a higher proportion of species represented in the large-diameter assemblage (mean 34%), whereas plots with large-diameter thresholds 60 cm DBH had a lower proportion of species represented in the large-diameter guild (mean 18%).
| DI SCUS SION
The relationship between the large-diameter threshold and overall bio- ). A linear relation of biomass to large-diameter threshold (Figure 2a ) best explained the correlation among the 48 plots, although we would expect an upper limit based on maximum tree heights (Koch, Sillett, Jennings, & Davis, 2004) or biomass (Sillett, Van Pelt, Kramer, Carroll, & Koch, 2015; Van Pelt, Sillett, Kruse, Freund, & Kramer, 2016) . The generally high proportion of biomass represented by the largest 1% of trees reinforces the importance of these individuals to carbon sequestration and productivity (e.g., Stephenson et al., 2014) .
Larger numbers of small-and medium-diameter trees cannot provide equivalent biomass to a few large-diameter trees, although small and medium sized trees can contribute significantly to carbon cycling (Fauset et al., 2015; Meakem et al., 2017) . The implication from scaling theory ) is that large-diameter trees are taller and have heavier crowns, and occupy growing space not available to smaller trees (i.e., at the top of the canopy; Van Pelt et al., 2016; West et al., 2009 ).
Temperate forests featured a higher density of trees 60 cm DBH (Table 1) , consistent with the presence of the very largest species of trees in cool, temperate forests (Sillett et al., 2015; Van Pelt et al., 2016) . Temperate forests also exhibited considerably lower densities of small trees (e.g., 1 cm DBH < 5 cm; Supporting Information Table   S3 .2) and lower total stem density. In tropical forests, high overall stem densities are mostly due to trees with diameters 10 cm DBH (Table   2 , Supporting Information Table S3 . The grouping of plots with only small-diameter trees (Figure 4a) shows that forests in markedly different environments can exhibit convergent structure based on different limiting factors. Large-diameter trees can be abundant in any region (Supporting Information Table   S3 .1), but different factors may limit the ability of an ecosystem to support a high level of aboveground live biomass. In addition to environmental limits, ecosystems that are environmentally quite productive in terms of annual growth may be limited by frequent, severe disturbance (e.g., typhoons in Fushan and hurricanes in Luquillo). Finally, the regional species pool may not contain species that can attain large diameters in the local combination of climate and resource availability (e.g., Palamanui, USA). The higher levels of structural complexity at 1-ha scales in temperate forests may be due to higher proportions of the forests where small trees predominate and large-diameter trees are Table 2 ). The trend of increasing structural complexity (i.e., 1-ha heterogeneity) with increasing absolute latitude (Figure 5a ) may in fact be hump-shaped, with decreasing complexity at higher latitudes than the 61.38N of the Scotty Creek, Canada, plot. Figure S2 for a three-dimensional animation of the structural ordination
There is still considerable uncertainty as to what will happen to large-diameter trees in the Anthropocene when so much forest is being felled for timber and farming, or is being affected by climate change. Bennett et al. (2015) suggested that the current large-diameter trees are more susceptible to drought mortality than smaller-diameter trees.
Larger trees, because of their height, are susceptible to sapwood cavitation and are also exposed to high radiation loads (Allen, Breshears, & McDowell, 2015; Allen et al., 2010) , but vigorous large-diameter individuals may also still be sequestering more carbon than smaller trees (Stephenson et al., 2014) . Both Allen et al. (2015) and Bennett et al. (2015) suggested that larger trees will be more vulnerable to increasing drought than small trees, and Luo and Chen (2013) suggested that although the rate of mortality of larger trees will continue to increase because of global climate change, smaller trees will experience more drought-related mortality. These last two conclusions need not be in conflict as the background mortality rates for smaller trees are higher than those of larger trees within mature and old-growth forests (Larson & Franklin, 2010) . What remains generally unanswered is whether the increasing mortality rates of large-diameter trees will eventually be offset by regrowth of different individuals of those same (or functionally similar) species. Any reduction in temperate zone large-diameter tree abundance may be compounded by the low large-diameter tree diversity in temperate forests (temperate forests had high relative largediameter richness, but low absolute large-diameter richness). Largediameter tree richness in tropical forests suggests more resilience to projected climate warming in two ways. First, absolute large-diameter tree richness was highest in tropical forests, suggesting that the largediameter tree guild may have different adaptations that will allow at least some species to persist (Musavi et al., 2017) . Secondly, the pool of species that can reach large diameters may have been undersampled in the plots used here, implying an even higher level of richness may exist in some forests than captured in these analyses.
The finding that large-diameter trees are members of common species groups (Figure 5b ) contradicts the neutral theory's assumption of functional equivalency (Hubbell, 2001) . Similarly the different structural complexity of forests worldwide (Figure 5a ) contradicts the assumptions of universal size-abundance relationships of metabolic scaling theory (Enquist et al., 1998 . The presence of a latitudinal gradient in forest density (Figure 3a ) and the lack of a latitudinal gradient in forest biomass (Figure 3b ) suggest that size-abundance relationships are not universal but depend on region or site conditions (Table 2) .
Characterizing forest structural variation did require these large plots (Supporting Information Figure S1 .3), a finding consistent with other studies examining forest biomass (R ejou-M echain et al., 2014) .
With large plot sizes and global distribution, ForestGEO is uniquely suited to capture structural variation (i.e., the heterogeneity in the abundance of trees of all diameter classes). The relatively large area required (6.5 ha, on average) to estimate biomass to within 5% of the entire plot value reinforces conclusions that the distribution of largediameter trees is not homogeneous within forests (e.g., Table 2 ; Furniss, Larson, & Lutz, 2017; Lutz et al., 2012 Lutz et al., , 2013 . We note that this
The 1-ha scale structural complexity of 48 forest plots in the ForestGEO network as a function of absolute latitude (a). The metric of structural complexity is the volume of the three-dimensional ellipsoid generated from the non-metric multidimensional scaling (NMDS) ordination of abundance in structural classes (see Figure 4 for two-dimensional projections and Supporting Information Figure S2 for a threedimensional animation). The rank order of large-diameter species in 48 forest plots (b). Rank order is normalized to the range from zero to one to compare plots with differing species richness. Lower proportions of large-diameter species rank correspond to more abundant species (median large-diameter species rank < 0.5 for all 48 forest plots). Species attaining large-diameters were the more common species in the forest plots. Colours indicate increasing absolute latitude from red to green calculation of the size of the plot required is a measure of spatial variation within the forest, and does not depend on the accuracy of the allometric equations used for calculating each tree's biomass. Allometric equations can be imprecise for large-diameter trees, both because of their structural variability and the enormous sampling effort, and therefore our estimates of overall biomass could be off by 6 15% .
Although temperate plots had much lower overall species diversity compared to the tropical plots, tropical plots had much more homogeneous structure, both within and across plots (Figure 4) , potentially suggesting greater structural equivalency among the many species present.
We found that the largest 1% of trees constitute 50% of the biomass (and hence, carbon), supporting our hypothesis of their significance, at least in primary forests or older secondary forests. The conservation of large-diameter trees in tropical and temperate forests is therefore imperative to maintain full ecosystem function, as the time necessary for individual trees to develop large sizes could preclude restoration of full ecosystem function for centuries following the loss of the oldest and largest trees (Lindenmayer et al., 2012) . Clearly, areas that have been recently logged lack large-diameter trees, and therefore have less structural heterogeneity than older forests. That the largest individuals belong to relatively few common species in the temperate zone means that the loss of large-diameter trees could alter forest function -if species that can attain large diameters disappear, forests will feature greatly reduced structural heterogeneity (e.g., Needham et al., 2016) , biomass, and carbon storage. In the tropical zones, the larger absolute numbers of species reaching large diameters may buffer those forests against structural changes. Policies to conserve the tree species whose individuals can develop into large, old trees (Lindenmayer et al., 2014) could promote retention of aboveground biomass globally as well as maintenance of other ecosystem functions.
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